Background
Background
The onset age of physiological puberty is greatly variable. This variability has been attributed to environmental factors and to genetic factors although a very little is explained by genomewide associations studies. Previously, we reported the existence of an association between the onset age of puberty and final height. It is known that final height is associated with parental height (specifically, with the "target height"). We hypothesized that the variability of the onset age of puberty contributes to the attainment of a final height which is similar to the target height. We hypothesized that whenever a child's height-percentile differs from the target height percentile (we called this difference the "height gap"), the onset of puberty is advanced or delayed so that they are closer or even equal at the end of pubertal growth. The association between height gap and onset age of puberty was investigated in the reported study.
Methods
The study is an observational retrospective study on growth during puberty in 170 Israeli (60 girls) and 335 Polish children (162 girls). Anthropometric measurements were analyzed by multivariable linear regression with the onset age of the pubertal growth spurt (PGS) as the dependent variable, and two independent variables "height gap" and body mass index (BMI)-both standardized.
Results
The adjusted coefficient of determination (adj R 2 ) between the onset age of the PGS and the two independent variables was 0.69 (Israeli girls), 0.50 (Israeli boys, BMI excluded), 0.25 (Polish girls) and 0.13 (Polish boys). A prediction model for the onset age of puberty is presented.
Introduction Methods
We conducted an observational retrospective study on growth and puberty in two separate groups of Polish and Israeli children. The Polish group comprised 335 children (162 girls) from nine randomly selected Wroclaw elementary schools. They were followed prospectively at annual intervals from age 8 years until age 18 years (boys) and 17 years (girls) from 1961 to 1972 (The Wroclaw Growth Study) [11, [19] [20] .
The Israeli group comprised 170 children (60 girls) who had been referred to an endocrinology clinic in southern Israel from 2004 to 2015 for the following reasons: a normal but below average stature, a short stature, an early puberty, or a late puberty (histograms of the parameters may be found in supporting information). Children with a chronic disease, a genetic syndrome, or any pathology were excluded from the study. It is emphasized that all participants had no pathology related to their height or puberty. The children and their parents were measured using a wall-mounted stadiometer and a calibrated scale was used to measure children's weight. The children were measured periodically at different intervals of time (from 4 to 18 months) according to clinical needs. In order to precisely determine the onset age of the pubertal growth spurt (PGS), only children that had at least two height measurements before the onset of the PGS and at least two height measurements after the age of peak height velocity were included in the study. S1 Dataset. Participants' parameters.
The onset age of the PGS was computed for every child using Karlberg's infancy-childhood-puberty (ICP) model [21] . A computer program automatically fitted the ICP model to the individual height records and generated the onset age of the PGS for each child by subtracting two years from the age at the peak height velocity (PHV). Height measurements (cm) were converted to SDS using equations of the ICP model [22] . The height-SDS at the onset of the PGS was calculated using an ICP-based interpolation between two adjacent measurements: before and after the onset age of the PGS. Weight at the onset of the spurt was calculated by linear interpolation of two measurements adjacent to the onset age of the PGS. In order to improve the accuracy of the determination of the onset age of the PGS, only measurements that were made within one year from each other were used in the interpolation. Data from 26 Israeli girls were excluded from the interpolation because this criterion was not met. The mean values of mid-parental height and pre-pubertal height of the girls that were excluded were not different statistically from the corresponding values of the girls who were included in the study. BMI was calculated using the weight and height at the onset age of the PGS. Some weight data of Israeli boys were missing (unknown cause) and some weight data comprised measurements that were not made at the same time as the height measurements. As a result, the weight data of only 38 Israeli boys were included in the regression analysis. The mean and SD values of the parameters that were to be used in the regression analyses from the group of 110 boys and the group of 38 boys were not significantly different.
Since including the BMI (percentile or SDS) as an independent variable didn't change the calculated correlation for other variables in the Israeli boys, this parameter was omitted from their final analysis.
The BMI data were converted to BMI percentiles and SDS (Z score) using the CDC tables and equations [23] .
The mid-parental height-SDS was derived from and expressed as the average between the father's height-SDS and the mother's height-SDS.
The difference between the child's height at the onset of the PGS and the mid-parental height (both expressed in SDS) was termed as the "height gap".
All data were analyzed using a computerized statistical software program (SPSS version 17.0 for Windows; SPSS, Chicago, IL, USA).
A two-tailed t-test was used to compare the mean values of the various study parameters and statistical significance was set at 5%.
The study in Israel was approved (no. 0157-16-COM1) and informed consent was exempted by the Meir Medical Center's review board (Helsinki Committee). The study was retrospective and the data were fully anonymized before the authors had access to them.
The Wroclaw Growth Study was approved by the Polish Academy of Sciences and details of the study were provided to the parents of each participating child. A parent or both parents voluntarily came to the Institute of Anthropology with the child for examination in April/May 1961, and then at annual intervals. Parental participation in the examinations was accepted as implicit informed consent. Polish law at the time of the study did not require written consent of parents for children to participate in growth-related studies. Participation in the project was voluntary and children were free to withdraw at any time. The study was retrospective and the data were fully anonymized before the authors had access to them.
Results
Mean values of the onset age of the PGS, BMI (percentile and SDS), mid-parental height (SDS), pre-pubertal height (SDS) and the height gap are presented in Table 1 .
The onset age of puberty was negatively correlated with anthropometric parameters of the child and his/her parents. The correlation in the Israeli group was higher than that in the Polish group (Tables 2 and 3 ). According to the results of the regression analysis when the BMI remains constant, an increase of 1 SDS in the height gap is associated with advancement of the onset age of puberty by 0.9 years (Israeli girls), 1.07 years (Israeli boys), 0.25 years (Polish girls), and 0.34 years (Polish boys). Likewise, a decrease in height gap of 1 SDS is associated with a delay in the onset age of puberty of the same magnitude.
The correlations between each independent parameter (Height-gap and BMI) and the onset age of puberty as the dependent parameters are presented in graphs (1 to 2) in the appendix (S1, S2, S3 and S4 Graphs).
The coefficients in Tables 2 and 3 can be used for predictive modeling of the onset age of puberty in a population.
For example, the model for Israeli girls would be as follows: Onset age of puberty = 10.84-0.90 � height gap-0.017 � BMI percentile Substituting the BMI percentile with the BMI-SDS, the following equation results: Onset age of puberty = 9.99-0.96 � height gap-0.389 � BMI SDS The residuals in all regression analyses were normally distributed (residual plots no. 3, 4 in the appendix S1, S2, S3 and S4 Graphs) and the calculated variance inflation factor was low for all predictor variables (less than 1.8) which mean that the predictor variables have a very low level of collinearity. In all groups except for the group of Polish girls, using height-SDS of the child resulted in lower correlation than that obtained by height gap. Specifically, the value of the adjusted Converting the BMI data to Z scores (SDS) instead of percentiles did not change significantly the results of the various correlations (Table 3) .
Discussion
This study was done on two groups of children which differed in their geographic locations and in the timeliness of data collection: the Israeli children were measured between the years 2004 and 2015 and the Polish children were measured between 1961 and 1972. Since the study tested a hypothesis which is related to the physiology of puberty, this difference between the two groups constitutes the study's strength. Environmental influences on the onset age of puberty may change rapidly but physiologic factors are unlikely to change, if at all, during a few decades. In this study, we describe an association between the "height gap" and the onset age of puberty in two groups of children in whom height measurements were done longitudinally during two different periods in two different countries.
In studies on the timing of puberty, the age of menarche is usually chosen because the specific date can be identified. Unlike prospective studies, this date in retrospective studies relies on memory and therefore is less reliable. In this study, we used another sign of puberty: the onset of the PGS which occurs two years before its peak [21] . The time of menarche and PGS are correlated: menarche occurs about 1.3 years after the peak of the PGS (correlation between 0.8 and 0.9) [24] . The correlation between the times of menarche and the PGS indicates the existence of hormonal coupling. This coupling and the precise determination of the onset of the PGS makes the onset of the PGS an ideal marker in retrospective studies on the onset age of puberty and constitutes the strength of this study.
The onset age of the PGS was calculated by subtracting two years from the age at the PHV which was generated by the computer program. We also visually inspected the growth velocity graphs which were generated by the computer to make sure that a PGS which deviates grossly from the ICP model (in amplitude or time duration) would be excluded from the study. A PGS with a shortened duration between its onset age and age at PHV would have been discovered by this inspection. None of the children had abnormal PGS. We cannot exclude the possibility that a very mild shortening in PGS duration was concealed but this concealing may have a very little impact on the study's results.
Much has been written on the association between obesity and early puberty in girls [4, 18, [25] [26] [27] [28] [29] [30] [31] . The results of this study also reveal the existence of an association between high values of BMI percentiles and early puberty in girls. In boys, the reports are inconsistent: some report a positive association between obesity and early puberty [18, 26, [28] [29] [30] [31] [32] [33] , some report a negative association [34] [35] [36] and some report no association [37, 38] . This inconsistency in boys exists also in this study: we found no association between the BMI percentile and the onset age of puberty in the Israeli boys and a low association between the BMI percentile and the onset age of puberty in the Polish boys. Only three children (one girl) had a BMI greater than 2 SDS. In view of the recent obesity epidemic and its possible role in advancing the onset age of puberty, the lack of any obese children in our groups is a weakness of this study.
In this study, we introduce a new term "height gap". In our previous study [11], we reported that the final height-SDS is shorter than the onset height-SDS for a PGS that starts earlier than average and vice versa. Statural growth in children is a targeted process: it ends within a "target range" that its midpoint is termed the "target height". In this study, we hypothesized that the variation in the timing of the PGS is part of this targeting: children who grow in childhood along a height percentile which is higher than their target height percentile will start their PGS earlier than average and children who grow along a height percentile which is shorter than their target height will start their PGS later than average (Fig 1) . The result would be narrowing of the height gap and a final height which is closer to the target height. We also hypothesized that the greater is a positive "height gap", the earlier will puberty start and vice versa, the greater is a negative "height gap", the later will puberty start. In this study, we assumed that the target height equals the mid-parental height as suggested by Tanner [39] . When analyzing a population with a known change in adult height, it is advised to replace the value of the mid-parental height with a "corrected mid-parental height" value that takes into account the secular trend [40] . This replacement will not change the correlation of the regression nor will it change the coefficients of the parameters. It will only change the intercept and the predictions will become more accurate. Practically, the change in the predicted onset age is small because the secular trend in one generation is also very small. For example, a +0.29 SDS change in the target height of girls results in a delay to the onset age of puberty of 0.07 years and a +0.43 SDS change in the target height of boys results in a delay to the onset age of puberty of 0.15 years when the Polish prediction equation is used. The identical changes in the target height of the Israeli children result in a change of 0.26 years in girls and 0.46 years in boys. In this example, the target height is set to 0 SDS. The lines of 0, +1 and -1 SDS were generated using the Z scores of the heights of girls from the CDC 2000 tables [23] . The lines that describe the growth of girls whose onset of the PGS occurred at 8 years and 12 years were generated using the equations of the ICP model [21] . The "height gap" is the difference between the pre-pubertal child's height and his/her target height both of which are expressed in SDS. As is shown in this example, the positive "height gap" is associated with an early PGS and the negative "height gap" is associated with a delayed PGS.
https://doi.org/10.1371/journal.pone.0211334.g001
Onset age of puberty and parental height
The regression analysis confirmed our hypotheses on the existence of a correlation between a) the height gap and BMI and b) the onset age of puberty in both groups. Interestingly, the degree of the correlation was greater in the Israeli group than in the Polish group.
It is possible that other factors in the Polish group reduced the impact of the height gap and BMI on the onset age of puberty. One possible factor that may affect the height gap is probably the time when the height gap is created. The height gap may be created during gestation, in infancy or in childhood. A child born small for gestational age (SGA) and doesn't catch up in growth during infancy may have a negative height gap. When a negative height gap is created after birth and in infancy, it is called constitutional delay of growth and puberty (CDGP). Both children (the SGA and the CDGP) may have the same negative height gap but differ in the time when this height gap is created. It is known that CDGP is associated with a delayed puberty and there are studies [41, 42] that report that SGA children have a high risk for earlier puberty. In other words, the same height gap created in different periods of growth may have different or even opposite effects on the onset age of puberty. Unfortunately, we couldn't check this possibility because we have no growth data from the infancy period of the two groups.
Our finding of the association between height gap and age at onset of puberty in two very different groups suggests that this association may exist in other populations. More studies in different ethnic groups are necessary to confirm the consistency of our results.
Our hypothesis on the role of height in the onset age of puberty is not new. One of the proposed explanations on the variability of the age of puberty is a hypothetical "somatometer", an innate brain mechanism, which tracks growth. This "somatometer" monitors somatic development and activates the gonadotropin-releasing hormone pulse generator to initiate puberty in synchrony with the target adult height [43] . If a somatometer does exist, we posit that the height gap is included in its elaborate "algorithm".
The correlation between the height gap and the onset of puberty may contribute to our current understanding of idiopathic cases of early/precocious or late puberty in the following situations:
a. Constitutional advancement of growth is characterized by an early and sometimes precocious puberty. This type of growth refers to children whose lengths at birth are average but whose height percentiles at the age of 2-3 years are above the average. Since most of these children have parents with average adult height, a positive height gap is created with early puberty [5] .
b. Constitutional delay in growth and puberty: this type of growth is characterized by a delayed puberty. Growth attenuation takes place in the first years of life (until 3-5 years). A negative height gap is created because these children usually have averaged-statured parents [44] .
c. The early onset age of puberty in the USA: advancement of puberty was seen in obese AfroAmericans who were described as being taller than their peers before, but not after, puberty [9] . Therefore, it is probable that a positive height gap, in addition to obesity, is associated with their early puberty.
d. Positive secular trends in height are greater at the age of two years than in adulthood (and no trend is seen after the age of two years) [45] . It is possible that this positive height gap at the age of two years advances their onset age of puberty and reduces the impact of the trend on adult height.
e. Adopted children: precocious puberty has been observed in adopted children when they relocate from a developing country to a developed one. The results of a study on adopted children in Denmark revealed that the risk for precocious puberty was 10-to 20-fold greater in the adopted children than in the native Danish children. A positive height gap which is created from a combination of (a) having short stature parents (usually living in poverty) and (b) an accelerated growth after adoption may explain this advancement in the onset age of puberty [46] [47] .
A predictive model for the onset age of puberty may facilitate the distinction between physiologic and pathologic puberty. We assume that the greater the time difference between the actual onset age and the predicted onset age, the higher is the probability of pathology. Consider an Israeli girl whose height is +1.21 SDS, a mid-parental height of -1 SDS (height gap = +2.21), and a BMI in the 80 th percentile. According to the proposed model, the expected start of her PGS is 7.5 years. Consider a girl with the identical height and BMI and taller parents (the mid-parental height is +0.55 SDS), her height gap is only +0.5 and the predicted onset age of puberty is 8.9 years. According to our predictive model, a PGS which starts at the age of 7.5 years can probably be considered physiologic in the first girl but should be suspected as being pathologic in the second girl. The height SDS of children is stable after infancy until the onset of puberty. A significant change in height SDS during childhood (for example more than 0.3 SDS over one year) must be evaluated to exclude pathology or to diagnose the start of the pubertal spurt (in the case of accelerated growth). Therefore, the height gap should not be calculated whenever there is unstable height growth.
We found the coefficients for the height gap different in the two cohorts of children. Therefore, we recommend that reliable and accurate models should probably be constructed separately for different ethnic groups and different environments because the effect of the height gap may change in different populations and environments.
In conclusion, we found an association between the onset age of puberty and two childhood parameters: body fat as represented by a standardized BMI (percentile or SDS) and a child's height relative to parent's height as represented by the "height gap". The association between the onset age of puberty and the height gap may indicate that the variability of the onset age of puberty contributes to the targeting process of statural growth. Our findings raise anew the theory of a "somatometer" which synchronizes the onset age of puberty with the attainment of target height. It is probable that the variability of the onset age of puberty is the result of an interaction between physiologic factors which regulate attainment of the target height and non-physiologic factors, such as the environment, socioeconomic status and genetic mutations, which can interfere with the physiology of puberty and the attainment of target height. In view of our results, the effect of the "height gap" may be considered physiologic because it contributes to the attainment of target height and that of the BMI an interfering factor. Since many factors are probably responsible for the variability of the onset age of puberty, an accurate predictive model must include as many influencing factors as possible and should always include the physiologic factors. In view of our findings, we suggest that the "height gap" should be included in any model for predicting the onset age of puberty. 
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